We present the first near-infrared scattered-light detection of the transitional disk around V1247 Ori, which was obtained using high-resolution polarimetric differential imaging observations with Subaru/HiCIAO. Our imaging in the H band reveals the disk morphology at separations of ∼ 0. ′′ 14-0. ′′ 86 (54-330 au) from the central star. The polarized intensity (P I) image shows a remarkable arc-like structure toward the southeast of the star, whereas the fainter northwest region does not exhibit any notable features. The shape of the arm is consistent with an arc of 0. ′′ 28 ± 0. ′′ 09 in radius (108 au from the star), although the possibility of a spiral arm with a small pitch angle cannot be excluded. V1247 Ori features an exceptionally large azimuthal contrast in scattered, polarized light; the radial peak of the southeastern arc is about three times brighter than the northwestern disk measured at the same distance from the star. Combined with the previous indication of an inhomogeneous density distribution in the gap at < ∼ 46 au, the notable asymmetry in the outer disk suggests the presence of unseen companions and/or planet-forming processes ongoing in the arc.
Introduction
Protoplanetary disks are known to be the sites of planet formation and have been extensively studied in recent years. One class of disks in particular has received much attention: (pre-)transitional disks whose spectral energy distributions (SEDs) show a deficit in the near-to mid-infrared, suggesting a lack of grains at the corresponding temperature/radius in the disks (Strom et al. 1989; Calvet et al. 2002) . In fact, the gaps and holes have been spatially resolved over a wide range of wavelengths in millimeter and infrared (e.g., Andrews et al. 2011; Hashimoto et al. 2012; Mayama et al. 2012; Quanz et al. 2013) . Even more characteristic are the spiral arms found in (pre-)transitional disks, although the detections are limited for a small number of intermediate-mass (∼ 2M ⊙ ) stars (e.g., SAO 206462, Garufi et al. 2013; Muto et al. 2012; MWC 758, Benisty et al. 2015; Grady et al. 2013; HD 142527, Casassus et al. 2012; Avenhaus et al. 2014a; Rodigas et al. 2014; HD 100546, Boccaletti et al. 2013; Currie et al. 2014; Avenhaus et al. 2014b ). Because planets may account for these unique structures, increasing the sample size of spatially-resolved observations is important to obtain an insight into planet-disk interaction as well as planet formation in action.
V1247 Ori (HD 290764) is a pre-main sequence star located at d = 385±15 pc (Caballero 2008; Terrell et al. 2007 ) with an F0V spectral type (Vieira et al. 2003; Kraus et al. 2013) , and its stellar mass and age have been estimated as M * = 1.86±0.02 M ⊙ and 7.4±0.4 Myr, respectively (Kraus et al. 2013) . Its SED exhibits a dip in the wavelength range of 3-15 µm similar to SAO 206462 (Brown et al. 2009; Sitko et al. 2012) , indicating that the star is surrounded by a (pre-)transitional disk (Caballero 2010 ). The disk is considered to be optically thick in the region beyond the expected radial gap, judging from the amount of the infrared excess (the excess luminosity is on the order of 0.1 of the stellar luminosity). The first high-angular-resolution observations were obtained by Kraus et al. (2013) who performed infrared interferometry at 1.5-13 µm with the VLTI and Keck long-baseline interferometers, as well as Gemini and Keck aperture masking to explore the inner hot region of the disk with sub-au angular resolution. The best estimates of the disk inclination (31.
• 3 ± 7.
• 5) and position angle (P.A.) (104 • ± 15 • ) were obtained at mid-infrared wavelengths (8-12 µm) for the disk's thermal emission within 75 mas (29 au). Notably, they found the system consisting of a dust disk near the dust sublimation radius (0.18 au), an outer disk beyond 46 au, and a radial, partial gap between them filled with optically thin material. The material in the gap region was found to be inhomogeneously distributed, as indicated by strong non-zero phase signals measured with aperture masking interferometry.
In this paper, we present the results of the polarimetric differential imaging (PDI) of V1247 Ori at high angular resolution (0. ′′ 07 = 27 au) in the near-infrared, obtained to uncover the detailed structure of the outer disk where the interferometric data mentioned above are insufficiently sensitive. PDI is a powerful technique to directly image circumstellar structures in light scattered by dust grains while suppressing the stellar light. In our observations, an arc-like structure is discovered in the region within ∼200 au from the central star, causing the strong azimuthal asymmetry to be found for the first time in this outer disk. Disks with Subaru (SEEDS; Tamura 2009) using the HiCIAO camera (Tamura et al. 2006 ) and the adaptive optics AO188 (Hayano et al. 2004 ) on the Subaru telescope. The PDI mode was used in the H band (1.6 µm) in combination with angular differential imaging (ADI). The guiding star for the adaptive optics was V1247 Ori itself (∼10.0 mag in R). A spatial resolution (FWHM) of 0. ′′ 07 was achieved on average, as measured using unsaturated snap shots of V1247 Ori with the neural density (ND) filter (transmission of 9.740%±0.022%) taken just before the disk imaging. A Lyottype coronagraph was used to block out the light from the central star with an occulting mask 0. ′′ 3 in diameter. The single PDI (sPDI) observing mode was employed whereby the incident light was divided into two beams by a Wollaston prism with linear polarization states perpendicular to each other. These two images were simultaneously obtained in one data frame and the field of view of each image was about 10 ′′ × 20 ′′ (1024 × 2048 pixels). The half-wave plate (HWP) was rotated to position angles of 0 • , 45 • , 22.
• 5, and 67.
• 5 in sequence, and one frame was obtained at each angle.
This cycle, consisting of the four position angles of the HWP, was repeated 21 times; thus, 84 frames were obtained. The exposure time was 30 seconds per frame, and 42 minutes in total. The total field rotation for ADI was 31.
• 8. Just after the imaging of V1247 Ori, HD 288196 (H = 5.95; Cutri et al.
2003
) was observed as a point spread function (PSF) reference star. HD 288196 produced a similar illumination of the AO wave front sensor through the ND filter as did V1247 Ori, and the data were obtained with the same AO settings. The sPDI+ADI mode was used in the H band with the same 0. ′′ 3 mask. Three HWP cycles were obtained, producing a total of 12 data frames. The exposure time for each frame was 10 seconds. The photometric calibration was done using the data of the standard star HD 44612 observed on the same night in sPDI.
The follow-up observations were performed two months later, on January 19 in 2014 through thin cirrus clouds. The same H filter was used with HiCIAO+AO188, but at this epoch, the quadruple PDI (qPDI) mode was chosen for the imaging polarimetry without an occulting mask to probe a closer-in region than in the previous sPDI observations. In qPDI, the incident light was separated into 4 beams by double Wollaston prisms and the central star was less saturated compared to the sPDI mode. In this case, two sets of images with orthogonal polarization states were recorded in one data frame, and the field of view was approximately 6 ′′ × 6 ′′ (640 × 640 pixels). A FWHM of 0. ′′ 069 was achieved for V1247 Ori, estimated using the unsaturated images through the ND filter taken before the disk imaging. However, the snap shots after the disk imaging indicated a FWHM 1.2 times larger than that. It was also noticeable that the halo of the PSFs became blurred with time during long exposures for the disk, and such frames were discarded in the process of data reduction as described in the next section. Allowing saturation around the stellar peak for a radius of 2 pixels, three exposures of 10 sec were co-added into one frame, giving 30 sec as the total exposure time per frame. Eighteen HWP cycles were obtained and 72 frames were acquired, corresponding to a total integration time of 36 minutes. The ADI was combined as in the previous epoch and the field rotation was 29.
• 9. No PSF reference was obtained. The photometric standard star, HD 129655, was observed on the same night in qPDI.
Data Reduction
The data reduction was performed using the IRAF (Image Reduction and Analysis Facility) software packages. The first noise to be corrected was the horizontal and vertical stripe patterns in raw images of HiCIAO (Suzuki et al. 2010) . These stripes were eliminated in the same manner as used by Yamamoto et al. (2013) . The dark image was used to identify hot and warm pixels. Hot pixels were marked if the pixel values exceeded 150σ s where σ s was a standard deviation measured using all pixels in the dark frame after 5σ s clipping. The warm pixels were found next to the hot ones,
showing significantly larger values than the surrounding normal pixels though not quite as high as the hot pixels (roughly about 1% of the central hot pixel, or over 8σ s ). Those pixels were substituted by bi-linear interpolation. The flat-fielding was performed using dome-flats. One data frame was divided 6 into two and four for sPDI and qPDI, respectively, and corrected for the distortion by comparing the HiCIAO data taken in the same observing run and the image taken by the Hubble Space Telescope for the globular clusters M15 and M5. The pixel scale after the distortion correction was 9.5 mas pixel −1 . Further position matching among the multiple images was done by taking cross-correlation of the halo of the central star.
The unpolarized light was subtracted by differencing the two orthogonal polarization components. The Stokes parameters, +Q, −Q, +U, −U, were obtained as follows:
where F θ is the flux density for the light polarized at θ which is twice the position angle of the HWP. The double differential technique was then used to further reduce the residuals, where Q = {+Q − (−Q)}/2 and U = {+U − (−U)}/2. The smearing of the images was unavoidable when performing the double differential because of the field rotation over the 2 HWP angles, but the amount of the rotation was very small: 0.
• 6-0.
• 7 for sPDI, and 0.
• 5-0.
• 8 for qPDI. After correcting for instrumental polarization caused by HiCIAO at the Nasmyth focus (e.g., Joos et al. 2008) , the images of the Q and U Stokes parameters were de-rotated to match the field orientation. The de-rotated images were averaged over multiple HWP cycles after two and five HWP cycles were discarded for sPDI and qPDI, respectively, because of the larger sizes of the PSFs compared with other cycles. The polarized intensity (P I) was calculated as
The uncertainty (σ) was estimated by propagation from the standard deviations of Q and U over the HWP cycles. We also checked the consistency between the two sets of Stokes parameters obtained using two sets of orthogonal beams for the qPDI. There was a systematic difference because of the mismatch of the PSF shape, possibly caused by an uncertainty of distortion correction. The resulting P I differed by 10-18% depending upon the location in the disk, but this does not significantly affect the discussion in later sections. The stellar position was estimated as the brightness centroid of the PSF halo. The centroid was calculated in the region within 1. ′′ 4 from the center of the occulting mask for sPDI. It was estimated in an aperture of r = 0. ′′ 07 (1 FWHM, 7 pixels) after artificially masking the saturated area at r ≤ 2 pixels in qPDI. The uncertainty in the stellar position was 0.3 pixels (3 mas).
A spatially extended, halo-like P I distribution was seen in the reduced images. The polarization position angle was ∼29
• in sPDI and ∼10
• in qPDI everywhere, regardless of the direction from the central star ( Figure 1 ). This suggests that the PSF itself was polarized (e.g., Follette et al. 2015) .
We have attempted to separate this unresolved (PSF) polarized component at a constant direction to explore whether another polarized component remains after subtracting it. Assuming that the contribution from the disk to the Stokes I was negligible compared to that from the central star, an artificial, polarized PSF was constructed for Q and U as Q psf = P psf I cos θ psf , U psf = P psf I sin θ psf . Q psf and U psf were then subtracted from the observed Q and U to calculate the P I. This process was iterated 7 by varying P psf and θ psf in steps of δP psf = 0.05% and δθ psf = 0.
• 5 until the aligned polarization in the halo-like P I was minimized in the region of P.A.=0
. The inferred polarization of the PSF was P psf = 0.85 ± 0.05 % and θ psf = 29
• ± 2 • for sPDI, and P psf = 0.80 ± 0.05 % and
• for qPDI. The distribution of the polarization angle is shown in the right panels of Figure 1 .
The polarized PSF can be accounted for by the scattering in an unresolved, inner portion of the disk. This interpretation is consistent with the fact that the PSF was not polarized for the reference star obtained in sPDI. The P I was not significantly detected and the random orientation of the polarization was found at the noise level (<3σ) for the reference star. In addition, the polarized PSF has been common in HiCIAO observations for inclined disks, and the direction of polarization is always similar to that of the disk minor axis (e.g., Follette et al. 2015) . The polarization degree is expected to be higher toward the region running along the disk major axis, where the scattering angle is closer to 90
• than in the region of the minor axis, and hence the net polarization in a resolution element centered on a star should be dominated by the scattered light polarized perpendicular to the direction of the major axis. V1247 Ori is not an exception, because the observed polarization direction of the halo-like component is consistent with the P.A. of the disk minor axis within the uncertainty (14 Kraus et al. 2013 ). It should be noted, however, that the polarization degree of the PSF is small, and the angle cannot be used to accurately estimate the P.A. of the disk minor or major axis because it could readily be affected by instrumental effects such as PSF shape and a coronagraphic mask (metal film).
The aperture photometry for V1247 Ori was performed using the unsaturated short exposures in our observations. The aperture radius was 100 pixels for sPDI and 50 pixels for qPDI. The resulting magnitudes were H = 8.15 ± 0.04 and 8.26 ± 0.04 at the epochs of sPDI and qPDI, respectively.
Considering that the qPDI photometry may slightly underestimate the magnitudes because of the lower signal-to-noise ratio (SNR) for the PSF halo, these values are not inconsistent and also agree with the results of 2MASS photometry of H = 8.20 ± 0.05, obtained on October 30, 1998 (Cutri et al. 2003 ).
In the process of deriving the P I, no assumption was made on the polarization direction for the circumstellar material that could be spatially resolved. However, P I is always positive and biased by positive noise. Thus, the technique to extract the azimuthal component has often been used recently, assuming that the disk scattered light is polarized perpendicular to the direction toward the central star (an illuminating source). The azimuthal component was computed as
, where φ is the position angle. It was confirmed that P I and Q φ were consistent with each other within the uncertainty σ both for the sPDI and qPDI observing modes.
8 Fig. 1 . Polarized intensity images for V1247 Ori, overlaid with polarization vectors. The stellar position is centered at (0, 0) and marked with a cross. The lef t panels present the P I and polarization angle before the subtraction of the polarized PSF whereas the right ones show those images after subtraction. The upper and lower images were obtained in sPDI and qPDI, respectively. The polarization angle was calculated using the Q and U images with a binning of 7 × 7 pixels (1 FWHM). The vector lengths are constant (arbitrary) and do not represent the polarization degree. The vectors are plotted in the region where the SNR of P I is greater than or equal to 3. The central black circle depicts the region that was obscured by the coronagraphic mask or that is dominated by residuals of the PSF, with a radius of 0. ′′ 2 for sPDI or 0. ′′ 14 for qPDI. North is up and East is to the left.
Results

Disk Morphology
Polarized light was detected around V1247 Ori, and the polarization direction indicated that the circumstellar disk was spatially resolved in scattered light in our observations (Figure 1 , 2). The P I was detected over the 3σ level out to a radius (r) of 0. ′′ 66 (254 au) and 0. ′′ 86 (330 au) in the southeastern (SE) and northwestern (NW) directions, respectively, in the sPDI with a higher SNR than the qPDI.
Here we define the position angles of SE and NW as 119
• and 299
• , respectively, given the previ- toward the SE and the area within 0. ′′ 2 of the mask center suffered from obscuration by the occulting mask. In the qPDI image taken without a mask, the IWA was estimated to be 0. ′′ 14 (54 au), because the residuals of the stellar light were significant and the SNR was below than 10 within that radius.
Scattered light can be seen in the qPDI image at r < ∼ 0. ′′ 2 (∼80 au) just outside of the IWA. This must be confirmed by future imaging with a better IWA, but considering the polarization angle in this radial range, which appears point-symmetric as expected by light scattering, this might be part of the outer disk at r > 46 au, as suggested by Kraus et al. (2013) .
Most remarkable is the bright, arc-like structure toward the SE found for the first time in this disk. The integrated P I in r = 0. ′′ 24-0. ′′ 9 is 0.53±0.10 mJy, which is 0.096% of the total intensity (Stokes I) of V1247 Ori in the H band. If measured in the SE region including the arc (0.
• ), the total P I is 0.43±0.07 mJy (81% of the whole disk), whereas it is 0.097±0.025 mJy (18%) in the NW (0.
were obtained in the same measurements but using the Q φ image.
Note that the elliptical isophote fitting suggests 137.
• 2 ± 3.
• 2 as the P.A. of the disk major axis when estimated in the 0. ′′ 4 < r < 0. ′′ 6 region of the sPDI. It is also possible that the P.A. differs between the inner disk probed by interferometry (Kraus et al. 2013 ) and the outer disk discussed in this work.
However, we assume the P.A. measured in Kraus et al. (2013) in this paper, because the SE arc may bias our estimate of the P.A. Figure 3 shows the radial dependence of the surface brightness of the P I in the SE (P.A. = 119 • ) and NW (P.A. = 299 • ) directions. The brightness was measured using the data binned over 7×7 pixels (1 FWMH of the PSF). Overall, the distribution is in agreement between the sPDI and qPDI modes, and the peak flux density in SE is well matched. The least-squares fitting was performed using the sPDI data with a higher SNR than that of the qPDI, and yielded the power-law relation of r −3.0±0.5 for the NW direction in 0. ′′ 24 ≤ r ≤ 0. ′′ 55. On the other hand, the P I in the SE region including the arc was proportional to r −5.4±0.5 in 0. ′′ 30 ≤ r ≤ 0. ′′ 60. We confirmed that the uncertainty associated with the subtracted polarized PSF (P PSF = 0.85 ± 0.05%, θ PSF = 29
Radial Surface Brightness Distribution
• ± 2 • ) did not significantly alter the radial slope.
The SE arc has its brightness peak at r = 0. ′′ 27 at a P.A. of 119
• . Beyond this peak, the radial distribution shows a steeper decline in the SE than the r −3 measured in the NW. The radial index of −3 is expected for a vertically flat disk or a disk with a constant opening angle (Whitney & Hartmann 1992; Momose et al. 2015) . This slope has commonly been observed for protoplanetary disks in Stokes I, and has been found in P I as well (e.g., Tanii et al. 2012) . Therefore, we propose that the region behind the arc is vertically settled and shadowed by the arc structure. The same characteristic has been observed for the Herbig Ae star MWC 758; the distinct spiral arm was imaged in the southeastern region and the P I dropped as r −5.7 behind the radial brightness peak of the arm (Grady et al. 2013 ).
Arc-like structure
The outer (r > ∼ 50 au) disk of V1247 Ori is characterized by an arc-like feature detected within ∼200 au of the star. The disks consisting of two arcs facing each other have been known (e.g., , but in the case of V1247 Ori, no counterpart for the SE arc exists in NW at the same or similar distance from the star. Meanwhile, several Herbig Fe/Ae/Be stars, such as SAO 206462 and MWC 758 Grady et al. 2013) , show conspicuous arms at separations of < ∼ 200 au in the shapes of spirals, where the distance from the star varies with azimuthal angle. Arm-like structures suggesting a deviation from an inclined circular disk have also been observed for Oph IRS 48 and HD 100546 (Follette et al. 2015; Avenhaus et al. 2014b; Currie et al. 2014 ).
We measured the shape of the arc for V1247 Ori as follows. The disk was first de-projected using the following inclinations and position angles: the P.A. of the major axis was 104
• or 119 • , and the inclination was 31.
• 3 or, at the end of the estimated range, 38.
• 8 or 23.
• 8 (Kraus et al. 2013 , see also Section 4.1). Next, to compensate for the drop-off of the stellar flux incident upon the scatterer, the P I at each location was multiplied by r 2 assuming no extinction during the travel of the incident photon. Then, the location of the maximum brightness in the radial profile was identified at each azimuthal angle in steps of 1 • to define the shape of the arc. The measurement was done in the azimuthal range where the P I was detected over 3σ (Table 1 ). Figure 4 shows the maximum spine determined by this method. The Gaussian fitting was also performed for the radial profile at each P.A.
using σ as a weight, although the profile was not well approximated as Gaussian in particular near the azimuthal edges of the arc. The difference between the maximum brightness and the Gaussianfitted peak was 0. ′′ 02 on average. This 0. ′′ 02 was regarded as the uncertainty in the arc position. The distance to the arc from the star was almost constant considering this positional uncertainty for all six cases, indicating consistency with a circular arc, rather than a spiral arm. The shape of the arc determined using the sPDI images matches that obtained in qPDI within an uncertainty of 0. ′′ 02.
Least-squares fitting of a circle was carried out for the measured spine of the arc. The center of the circle was fixed at the stellar position in the first attempt, and the results are shown in Table 1 . The obtained radii of the fitted circle agreed within the uncertainty for the six assumed cases of inclination angle and P.A. of the major axis. The average of these radii is 0. ′′ 28 ± 0. ′′ 09 (108 ± 35 au). The arc is not necessarily centered on the star; thus, the fitting was also performed by varying the central position of the circle. Columns 6 and 7 denoted by ∆r and ∆P.A. in Table 1 show the deviations of the arc center from the stellar location, which were significant for all six cases. However, the direction of the shift depended on the assumed angles of the major axis and inclination. There was a trend toward the northern direction, but this direction was not always along the minor or major axes, and it is hard to relate this possible displacement to a disk geometry (a vertical structure; e.g., Vinković et al. 2003) or any mechanism for creating the arc (e.g., Mittal & Chiang 2015) . Therefore, we cannot explicitly conclude an off-center for the arc, and its presence will need be investigated in the future once the disk geometry (major axis and inclination) is accurately determined for the outer disk, for example through molecular-line observations.
Note that we cannot exclude the possibility of a spiral arm with a small pitch angle that is hard to discriminate from a circular arc within the positional uncertainty; our data would be consistent with a spiral arm with a pitch angle of < ∼ 3
• . Another source of uncertainty is the disk vertical height which was ignored in the above fitting procedure. Although no measurements on the disk scale height are available, if assuming the disk aspect ratio (H/r where H is the height of the scattering surface of the disk) of 0.1 at r = 108 au and the inclination of 31.
• 3, then the arc is not a circle but a spiral arm with a pitch angle of about 2.
• 5 (e.g., Vinković et al. 2003) . Columns 6 and 7 show the positional difference of the center of the fitted circle relative to the star.
14 5 Discussion
Comparison with other (pre-)transitional disks
Arm-like or arc structures at least in scattered light, are relatively common for (pre-)transitional disks around Herbig Fe/Ae/Be stars Close et al. 2014; Reggiani et al. 2014; Biller et al. 2014) . Two or more arms have normally been detected for one disk and a disk with only one distinct
arc has yet to be discovered (SAO 206462, MWC 758, AB Aur, HD 100546, HD 142527; Grady et al. 2013; Hashimoto et al. 2011; Boccaletti et al. 2013; ). Oph IRS 48 may have an arm but two additional arcs were also detected in P I (Follette et al. 2015) . It is possible that V1247 Ori, which is a more distant object than those imaged so far, has other arms in the inner region not observable in our imaging (r < ∼ 50 au); however, the azimuthal contrast in scattered light detected in our V1247 Ori imaging is higher than in any other disks imaged so far because of the one-arc structure. The SE part of the disk is 4 times brighter than the NW part in the integrated P I (Section 4.1). Comparing the peak brightness of the SE arc (P.A. = 199
• ) with that of the NW disk (P.A. = 299 • ) at the same distance from the star (r = 0. ′′ 27), the arc was found to be 2.8 times brighter (Figure 3 ). The brightness asymmetry along the major axis has been reported for the arcs of Oph IRS 48 and HD 100546 just outside of the holes (gaps), but the contrast is weaker than V1247 Ori for both disks ( Figure 5 in Follette et al. 2015 , Figure 4 in Avenhaus et al. 2014b ).
To confirm whether the disk of V1247 Ori has another unique property, the level of P I was compared with other disks surrounding stars of ∼2M ⊙ . The left panel of Figure 5 shows the P I integrated over the detected area plotted against the flux ratio between 30 and 13.5 µm (F 30 /F 13.5 ).
The latter quantity has been used for the SED classification originally proposed by Meeus et al. (2001) , where sources fall into either group I or II. This classification is sensitive to the presence and size of an inner hole/gap at the corresponding temperature of a few to several hundred K, and the degree of disk vertical flaring (Acke et al. 2010; Maaskant et al. 2013) . The two objects with the smallest F 30 /F 13.5 are in group II whereas others are in group I and are known to be (pre-)transitional disks with large (tens of au) gaps (Kusakabe et al. 2012; Muto et al. 2012; Grady et al. 2013; Garufi et al. 2013; Garufi et al. 2014; Momose et al. 2015) . Note that the group II disks are variable in scattered light and that MWC 480 at F 30 /F 13.5 = 1.19 is considered to be in a bright phase in the measurements (Kusakabe et al. 2012) . The comparison of the P Is is not quite straightforward, because the disks have a range of inclinations (10 • -60 • ) and spatial structures, resulting in different scattering angles. In addition, V1247 Ori is more distant than the others (100-140 pc), and the integrated P I should be considered as a lower limit at the comparison. An increase by more than one order of magnitude is unlikely, however, when considering the P I measured from ∼30 au (0. Comparison with other disks in P I. The P I is shown in red for V1247 Ori, and in blue for others. Lef t: Integrated polarized intensity normalized by the total (∼stellar) brightness plotted against the flux ratio between 30 and 13.5 µm (Acke et al. 2010; Kraus et al. 2013) . The sources in this panel are (1) MWC 480 (Kusakabe et al. 2012) , (2) HD 163296 (Garufi et al. 2014) , (3) HD 100546 (Quanz et al. 2011) , (4) MWC 758 (Grady et al. 2013 ), (5) HD 142527 (Avenhaus et al. 2014a ), (6) HD 97048 (Quanz et al. 2012 ), (7) HD 169142 Momose et al. 2015) , and (8) SAO 206462 .
Note that the observed radial range differs among these sources depending primarily on the distance. Right: Surface brightness normalized by the total (∼stellar) flux density expressed per square au. The dashed line shows a guide line for the proportionality of ∝ r −2 . The P.A.s for the measurements are 90
• for MWC 758 (4, Grady et al. 2013) , −90
• for HD 142527 (5, Avenhaus et al. 2014a) , 235
• for SAO 206462 (8, Muto et al. 2012) , and 97.
• 4 for Oph IRS 48 (9, Follette et al. 2015) . The profile is azimuthally averaged for HD 169142 (7, Momose et al. 2015) . The distance of MWC 758 is assumed to be 280 pc in this plot, whereas 200 pc has also been suggested (Grady et al. 2013) .
at 140 pc) to ∼60 au for other group I disks. Thus, V1247 Ori shows a reasonable P I, that does not disrupt the established tendency for larger F 30 /F 13.5 to correspond to brighter scattered light from the disk, as was also reported by Garufi et al. (2014) .
The right panel of Figure 5 presents the radial surface brightness for the (pre-)transitional disks for which spirals or arc-like structures have been resolved in scattered light. The surface brightness is normalized by the total (∼stellar) intensity and expressed per squared au. The profile was measured along the major axis for one disk with an inclination of 50
• . The major-axis profiles are not always available in the literature for other disks, but because their inclinations are less than ∼30
• , the effect of the inclination would likely be negligible compared to the contributions from the non-uniform disk structures. The P I distribution peaks at the location of the arms (i.e., the inner rim of the outer disk), and those brightness peaks roughly follow a proportionality of ∝ r −2 . This is plausible considering the inverse square relation of light attenuation, assuming that the incident light does not experience considerable extinction by the disk material inside the radial peak and is scattered-off at the surface of the optically-thick outer disk. V1247 Ori is not an exception, and its peak brightness at the SE arc is consistent with this tendency. Therefore, the object is not an outlier in terms of the absolute flux density in P I, and the grains in its disk seem to have similar scattering properties as those observed in other (pre-)transitional disks.
Spatial structure of the disk
Why do we see an arc only in the SE? The outer disk of V1247 Ori is likely to be optically thick given the abundant infrared excess, and hence the scattered light imaging in the near-infrared is only sensitive to the structure at the disk surface. The brightness in scattered light reflects how well the disk is illuminated by the star (grazing angle); the inner rim of the SE arc should be more readily exposed by the stellar light than the NW region, as discussed in Section 5.1. Kraus et al. (2013) found that the gap between the inner disk (r = 0.18-0.27 au) and the outer disk ( > ∼ 46 au) was not completely empty and that the distribution of material within the gap was not spatially uniform. The optical thickness for the gap material is not tightly constrained and it could partly be optically thick (Kraus et al. 2013) . If an optically thick structure exists in the NW, it could act as a wall blocking the stellar light and casting a shadow onto the outer region. Alternatively, the shadowing might be because of the inner wall of the outer disk at around 46 au if the wall is vertically more flared to the NW than to the SE. In these cases, it is possible that the disk at about 108 au is in a ring-like shape, or that the outer disk continuously extends from 46 to 108 au as a density structure, but that only the SE part is detected in scattered light. A drawback of this hypothesis is that the radial dependence of P I observed in NW, ∝ r −3 , cannot easily be reconciled with the shadowing, which predicts a steeper decline.
A non-axisymmetric density structure in the outer disk could also cause the SE-NW contrast.
Our imaging cannot exclude the possibility that, in terms of density (spatial structure), the outer disk of V1247 Ori consists of an arc on one side, in SE, and a background disk without distinct structure. The question is what physical mechanism could be responsible for this semi-circular density distribution. Recent sub-and millimeter observations have revealed the density enhancement of grains with large opacity at those wavelengths (∼millimeter-sized) in both the radial (Walsh et al. 2014 ) and azimuthal directions Fukagawa et al. 2013; van der Marel et al. 2013) . Such a disk with strong (over a factor ∼10) azimuthal asymmetry looks like a crescent, which may be approximated by an arc. The ongoing discussion suggests that the structure can be explained, for instance, by dust trapping in gas vortices (Lyra et al. 2009; Birnstiel et al. 2013) or gas drag in an arm developed in the mode of azimuthal wavenumber m = 1 (Mittal & Chiang 2015) . However, based on the two known cases (Oph IRS 48 and HD 142527), their asymmetry is less prominent in scattered light and scattering in polarized light was also detected at azimuthal angles not associated with the submillimeter crescents (Avenhaus et al. 2014a; Follette et al. 2015) . This is probably because a walllike structure, which is the outer boundary of the hole or gap, exists in the gaseous component over nearly the whole range of azimuthal angles (Bruderer et al. 2014; Muto et al. 2015) and small grains mixed with gas are detectable in scattered light. This is not the situation that we found for V1247 Ori.
This difference can be interpreted as a gaseous wall at 108 au, which is much less conspicuous on the NW side than on the SE and compared to the other disks.
An alternate explanation is that the arc is a spiral arm caused by several possible mechanisms, including the presence of a companion with planetary mass as well as the marginally unstable, selfgravitating disk. Given that the spirals for other sources also consist of nearly circular regions in the observed scattered-light images Grady et al. 2013; Avenhaus et al. 2014b; Benisty et al. 2015) , we cannot exclude the possibility that only the circular part was detected in our imaging and that the tail/head was undetected because of the low sensitivity in P I in the direction of the disk's minor axis. Note that, regardless of whether the arc is a spiral arm or not, or whether it is driven by a companion or not, it may be reasonable to expect dust over-density in the disk mid-plane just behind the illuminated inner wall of the arc seen in scattered light.
In conclusion, the asymmetric structure suggests the presence of unseen companions and/or local density-enhancement around the mid-plane, which may provide the ideal site for planet formation. In searching for companion objects, the parameter space for the mass ratio < ∼ 0.1 is still yet to be explored (Kraus et al. 2013) , and high-contrast observations will be important for making conclusions about the physical nature of the arc. Radio interferometric observations to determine the outer disk geometry will be useful to more accurately determine the arc shape and to identify any displacement of the center of the SE arc from the star. More importantly, high-angular resolution observations with ALMA are essential for understanding the disk nature by obtaining the density distribution both in gas and in dust at the mid-plane, as well as the temperature structure within the disk.
If there is a ring at 108 au, a radial gap could exist between this ring and the disk component with an inner boundary at ∼46 au, where it was estimated to exist on the basis of mid-infrared interferometric observations (Kraus et al. 2013) . A planetary companion is one plausible explanation for a radial gap in general. Although significant uncertainty is expected in the width of the gap, an upper limit of the gap width can be provided by the lowest-order (2:1) Lindblad resonance (e.g., Takeuchi et al. 1996) . If this is the case, and assuming the outer gap radius of 108 au, one can infer that a putative companion is located at 68 au and that the inner radius of the gap is at 43 au, which is close to the observed inner edge of the outer disk at 46 au. This discussion is quite speculative at present, considering the uncertainty in the position measurements (108 ± 35 au), but it would be worth mentioning that the location of the detected arc can be related to the inner disk component previously found (Kraus et al. 2013) in this context.
Summary
The circumstellar disk of V1247 Ori was spatially resolved in the H-band using polarimetric differential imaging at a resolution of 0.
′′ 07 (27 au). The region beyond 0. ′′ 14 (54 au) was observed and the polarized light was detected out to a distance of 0. ′′ 86 (330 au) in the SE (P.A. = 119 • ) and 0. ′′ 66
(254 au) in the NW (P.A. = 299 • ). A remarkable arc structure was discovered at the P.A. range from about 60
• to 210
• . The radial surface brightness distribution was consequently found to be asymmetric, with a P I proportional to r −5.4 to the SE behind the peak of the arc (r ≥ 0. ′′ 30), while showing a monotonic decrease as r −3.0 to the NW. The one, conspicuous arc is responsible for the azimuthal contrast, which is exceptionally large compared to any other (pre-)transitional disks imaged in scattered light so far. The shape of the arc is consistent with an arc at a distance of 0. ′′ 28 ± 0. ′′ 09 (108 ± 35 au) from the star, although the possibility of a spiral with a small pitch angle ( < ∼ 3 • ) cannot be excluded.
Although other possible explanations exist, unseen companions could be the reason for the observed asymmetry, and hence V1247 Ori is another ideal object for investigating the formation mechanism of companion bodies with mass ratios of < ∼ 0.1, as well as the mutual evolution of a protoplanetary disk and putative perturbers. 
